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Spatial allocation of material flow analysis in residential
developments: a case study of Kildare County, Ireland
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Studies of urban metabolism provide important insights for environmental
management of cities, but are not widely used in planning practice due to a mismatch
of data scale and coverage. This paper introduces the Spatial Allocation of Material
Flow Analysis (SAMFA) model as a potential decision support tool aimed as a
contribution to overcome some of these difficulties and describes its pilot use at the
county level in the Republic of Ireland. The results suggest that SAMFA is capable of
identifying hotspots of higher material and energy use to support targeted planning
initiatives, while its ability to visualise different policy scenarios supports more
effective multi-stakeholder engagement. The paper evaluates this pilot use and sets
out how this model can act as an analytical platform for the industrial ecologyspatial
planning nexus.
Keywords: Ireland; material flow analysis; spatial allocation; spatial planning;
sustainable development
1. Introduction
While the policyevidence relationship should never be viewed as being overly
instrumental (Davoudi 2006), meeting the challenge of sustainable cities will mean that
policy will have to be guided by specific criteria to ensure that development can respect
the Earth’s bio-physical limits (Kemp, Parto, and Gibson 2005). Spatial planning
represents an important regulatory regime for promoting sustainability, being the key
mechanism for ensuring development is most suitably located, protecting the most
environmentally sensitive sites, encouraging construction at locations with lower
environment sensitivity (such as brownfield sites) and by upholding the precautionary
principle (Owens and Cowell 2011). Although the planning process has not always lived
up to such aspirations, its role has been strengthened through the use of policy support
tools capable of assessing the impact of development scenarios against normative ideas
on sustainable development, not least in energy and resource use terms.
A particularly powerful concept for this has been urban metabolism (Wolman 1965),
defined as “the sum total of the technical and socio-economic processes that occur in
cities, resulting in growth, production of energy, and elimination of waste” (Kennedy,
Cuddihy, and Engel-Yan 2007, 44). The concept emphasises that the environmental
performance of urban areas is best understood not just in consumption terms, but in
overall changes in the stock of material, i.e. the “material balance” (Eurostat 2001). Thus,
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the study of flow and accumulation of material (e.g. construction material, wastes,
nutrients) is also a key to the effective environmental management of cities, and
increasingly, a policy priority. To the OECD (2003), for example, efficient material flow
chains are fundamental to sustainable development, having the potential to reduce the
cumulative environmental impacts of a given system. Here “efficiency” refers to
optimising the overall material utility, through use, reuse and recycling of available
resources  all of these are intricately linked to our sociocultural behaviour (Zhang
2013). The efficiency of the material flow chain is not just a function of the
manufacturing process, but of how consumers utilise goods. Indeed, changing consumer
preferences can be a key driver of product innovation and efficient production, as well as
of levels of product redundancy or recycle/reuse. Resource use is thus clearly a
sociocultural phenomenon and is often subject to local, regional and national government
regulations. As a result, there has been an increase in studies seeking to evaluate the
complete metabolism of urban areas (e.g. Grimm et al. 2008, Barles 2009) or to model
distinct elements, such as water (e.g. Baker 2009), construction material (e.g. Huang and
Hsu 2003) or nitrogen (e.g. Færge, Magid, and Vries 2001). Chen and Chen (2012) have
also attempted to model the carbon flow through an urban ecosystem, using Vienna as a
case study, although acknowledge limitations arise from data availability across time
series and between cities.
While these assessments of metabolism draw on the principles of material flow
analysis (MFA), the majority has been undertaken by the industrial ecology community
with relatively little application in planning (Kennedy, Pincetl, and Bunje 2011).Q2 There
are various reasons why such research has not been operationalised more by planning
practitioners. Chrysolulakis et al. (2013), for example, blame the lack of knowledge
exchange arising through poor communication between researchers and planners.
However, a more fundamental reason may be that environmental analysis techniques like
MFA draw on data available at fundamentally different units and geographic scale than
those that are most useful to the planning process. Thus, while MFA typically involves
comprehensive accounting of the material throughput of a defined societal sub-system
(Haberl et al. 2013), spatial planning must address not only the broad goals of
sustainability, but also work through a spatially specific framework that includes a wide
range of actors and regulatory systems such as those governing property rights and
economic development. Furthermore, it does this under conditions of uncertainty and
feasibility (Yeo, Yoon, and Yee 2013).
For Sinclair et al. (2005, 70), the failure to integrate MFA into policy persists because
“. . . no integrated model has been proposed that is capable of either mapping or
predicting regional flows on a disaggregated basis. Nor does one exist that links these
flows to regional and national economic accounting data.” As such research on MFA and
urban metabolism has not tended to inform planning policy and practice, apart from a
number of key exceptions noted by Kennedy, Pincetl, and Bunje (2011), including
attempts at developing sustainability indicators and major urban reconstruction. This
situation means the two disciplines have progressed largely independently and leaving
opportunities for cross-fertilisation rather neglected.
There have been a number of attempts to overcome these methodological difficulties.
Examples include the use of a quasi-multi-regional inputoutput model and household
expenditure data to allocate the consumption based carbon footprint (CF) of UK
households based on the Local Area Resource Analysis (LARA) model (Druckman and
Jackson 2009), and the Resource and Energy Analysis Programme (REAP) which has
been used extensively in the UK to estimate material flows and carbon and ecological
2 M. Roy et al.
CJEP_A_951115.3d (Style 2) (174£248mm) 14-08-2014 4:37
95
100
105
110
115
120
125
130
135
footprints (EF) (Wiedmann and Barrett 2005). However, while these approaches employ
geo-demographic data, which allow allocation at any sub-national area level (including
local authority (LA) area, or even postcode level if data were available), no attempt has
been made to integrate the linkages with spatial modelling (ibid).Q3
Given the paucity of research on the industrial ecologyspatial planning nexus, it is
perhaps unsurprising that the development of a “construction ecology”, as a crucial
element of a sustainability (Kibert, Sendzimir, and Guy 2000) is still not effectively
expressed through the spatial regulation of the built environment. Yet, the construction
industry portrays particular characteristics of higher resource use, as many of its
elements, e.g. buildings and other infrastructure, have a durability that extends well
beyond a single generation, yet its use is often governed by socially defined needs and
fashions (Srinivasan, O’Fallon, and Dearry 2003). Indeed, the useful lifecycle of
buildings and their components can be unpredictable as different components wear out
at differing rates and are often one off items with limited opportunities for reuse
(Kibert, Sendzimir, and Guy 2000). In particular, as the most important element of the
built environment, housing takes the highest share of space, material and energy. For
example, the UK based data show that the energy requirements for buildings exceed
those for transport and industrial processes; the housing sector (including the
consumption therein, for example, foods, paper, furniture, etc.) alone consumes almost
30% of total energy (Rylatt, Gadsden, and Lomas 2003), while in Ireland, this is 25%
(O’Leary, Howley, and O’Gallachoir 2008). Contemporary studies on EF and CF have
also highlighted the residential sector as a major contributor to environmental
impacts  for example, a study from Northern Ireland estimated the share of housing of
the total EF and CF to be as high as 39% and 48%, respectively (Maguire, Curry, and
McClenaghan 2008).
The longer lifecycle of built environment elements also raises two further conceptual
issues. First, durable elements, in the form of the physical stock of service units (i.e.
individual dwellings), function as points of continuous energy use. Second, the physical
forms of buildings should be considered to be both a potential stock of material (for reuse
and recycle) and a source of waste (by the end of their lifecycle). The proportion of
material stock and waste in any one unit is subject to a range of factors, such as the
method of construction and demolition (C&D), policies regulating material recovery and
recycling and age of the unit.
In environmental terms, the more durable and energy efficient the existing residential
units are, the more sustainable the system is, as this will reduce or delay demand for new
facilities and associated expenditure of materials and energy. If existing units are energy
efficient, they also require less operational energy (OE). However, energy efficiency of
units tends to be a function of space and time; generally, the older the unit, the less
efficient it is, partly due to older, less efficient technology, and partly because it is being
used, for a function for which it was not originally designed (US DoE 2008). It is also
likely that units will become increasing relatively inefficient as new construction aligns
with increasing building standards. Planned or enforced urban reconstruction may also
result in large areas of demolition, and if this does not prioritise material recovery and
recycling, replacement buildings will ultimately lead to more demand for raw material,
and increased waste and emissions.
The impact, however, is not homogenous across the housing sector, with Ratti, Baker,
and Steemers (2005) observing that energy consumption in buildings with similar
functions can vary by a factor of 20. This variability illustrates the potential of well
focused interventions to reduce energy consumption in the housing sector, particularly
Journal of Environmental Planning and Management 3
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considering that in a typical lifetime of 100 years, a residential building may consume
between 80 and 100 GJ/m2 of energy (O’Leary, Howley, and O’Gallachoir 2008).
In addition to these quantifiable environmental impacts, from a political ecology
perspective, the housing sector also consists of a number of dynamic, interconnected and
mutually transformative physical and social processes (Swyngedouw 2006). As such, any
environmental analysis of the housing sector cannot simply be viewed in techno-rational
terms, but requires an understanding of the potential macroeconomic and microeconomic
impacts and the complex sociopolitical factors involved (Broto, Allen, and Rapoport
2012). Furthermore, complexity arises when taking into account the temporal dimension,
where differences between embodied and operational energies1 become particularly
significant, and where a dwelling may evolve to meet the occupants’ changing lifestyles,
meaning that any assessment of the MFA of urban areas must be dynamic and consumer
focused.
The incorporation of MFA into spatial planning policy and practice is, therefore, of
more than merely academic interest  the ability to understand how to increase the
efficiency of the flow of built environment materials is essential to ensure society’s
transition towards a more sustainable future. On the one hand, MFA and similar
assessment tools can analyse aspects of societyenvironment interaction, by highlighting
critical changes in patterns and processes in ecosystems related to these flows (Haberl
et al. 2004). On the other hand, understanding the spatial distribution of consumption and
other processes can support the development of community focused outcomes and
strategies, whilst being mindful of unintended repercussions (Harris and Batty 1993).
Therefore, a robust combination of MFA and spatial allocation has the potential to
provide an analysis of the complex dynamics of societyenvironment interactions, and to
model different scenarios for their effective governance.
This paper, therefore, presents an alternative approach to addressing this gap in
knowledge, in an attempt to contribute to the development of a model for measuring flow
of construction material at a spatial level which can then be used for developing spatial
planning policies for urban development; the Spatial Allocation of Material Flow
Analysis (SAMFA) model. This draws on concepts of urban metabolism and links these
with an ability to visually represent the implications of spatially and temporally
differentiated scenarios related to the accumulation of construction material flows and
associated energy use in the housing sector in the specific context of Kildare County,
Republic of Ireland. The rest of the paper discusses the framework and design of the
model, evaluates its pilot application in Kildare and discusses its value, potential future
development and wider application.
2. The SAMFA model
2.1. Overall framing
The SAMFA model has been structured into six modules  the three (M1M3) of which
define SAMFA, and the rest ensure SAMFA’s wider application (Figure 1). The three
interactive modules of SAMFA are located on the centre left of the figure. On its right
and at the bottom of the figure are the most immediate users of, and contributors to, the
model. Along the top are the application areas: input to policies and making other
stakeholders aware of the learning that the model could encourage.
In fulfilling the objective of linking industrial ecology and spatial planning
approaches, not only do the three modules that make SAMFA (i.e. M1M3)
4 M. Roy et al.
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incorporate well established industrial ecology concepts noted above  namely,
consumer based, service unit and mass balance. They also adhere to key
foundations of spatial planning, and successfully apply advanced spatial modelling
techniques.
In terms of industrial ecology concepts, for example, both M1 and M2 are inspired by
the consumer based and service unit concepts. This is evident in SAMFA’s assumption
that the actual use of construction material by the final consumers (i.e. households)
begins only when a house is constructed, becomes occupied and then becomes added to
the stock. Not until a unit is demolished or renovated does the question of recycling,
reuse or waste of the construction materials arise. Thus, the main factors governing
construction material flows in the housing sector, as modelled in M1 and M2,
respectively, are in fact the demolition/renovation of old, and the construction of new,
housing units. Based on these inflows and outflows, M3 then calculates the cumulative
material balance at the base spatial unit, and ultimately, the aggregated material balance
at the most relevant larger spatial unit.
In addition to being industrial ecology relevant, the three SAMFA modules also
explicitly incorporate spatial planning and modelling techniques. This is evident in the
way SAMFA captures the spatial and temporal dynamics of the two aspects that drive
construction material flows in housing sector: how new units are constructed, and how
old units are demolished. Clearly, this is not just counting the number of units
Figure 1. SAMFA framework.
Journal of Environmental Planning and Management 5
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constructed or demolished, but by careful spatial construction of a number of social and
planning variables through the following three steps:
 First, incorporation of a range of land and planning variables (Bramley 1993) with
socio-demographic and technological factors to determine the spatial and temporal
distribution of new housing units. This also includes estimating the availability of
brownfield sites, which, in turn, may lead to more new units.
 Second, establishment of trends in material intensity2 and building life
expectancy to determine the probability and spatial temporal pattern of
demolition of old units (Schiller 2007; M€uller 2005; Tanikawa et al. 2005). This
has been combined with current material recovery, recycling and waste treatment
practices, and any potential change in such practices, to quantify material
outflows.
 Third, bottom-up spatial aggregation of the material balance resulting through this
process of constructing new units and demolishing old units.
These types of spatial modelling are essentially a bottom-up approach which is in
sharp contrast to the way MFA is assembled. This tension has been used to the advantage
of SAMFA. For example, MFA is most reliable at the national level and its accuracy
decreases as we disaggregate it to the local level. In contrast, the bottom-up approach is
most robust at the local level, and its degree of relevance to planning decreases as we
aggregate it to the higher levels. This implies that, at the spatially disaggregated levels,
the results of the bottom-up approach can be treated as more useful than estimation based
on the downscaling of the national level figures. A similar line of argument has been
followed by Kytzia (2000).
Clearly, the ultimate level of disaggregation is the individual building unit, and it must
be borne in mind that MFA cannot provide insights at this level. The coupling of MFA
modelling with Life Cycle Analysis is one promising approach to allowdisaggregation to
the level of a single unit or product (Goldstein et al. 2013), and additionally offers the
possibility of addressing one of the most widely acknowledged weaknesses of the MFA
approach, namely that every material flow is converted to the same unit (e.g. one tonne of
PVC windows is treated the same as one tonne of stone), and that MFA merely quantifies
the flows but does not by itself, offer a means of estimating the environmental impacts of
the flows (Curry et al. 2011).Q4
What is still unclear is the level at which the bottom-up results become less valid. In
this context, Bannett and Newborough (2001) argue that the LA is the most effective
level for energy auditing and emission estimation, and it is here that key regulatory
decisions are made. A critical function of a model that can influence policies for the built
environment is, therefore, an ability to allocate the material flow data to the LA level or
below. As national level MFA data are being increasingly disaggregated at the level
down to the LA level, this seems to be the level up to which the bottom-up results are
aggregated. In addition to these spatial and analytical foundations, the model also needs
to address its application context and be validated by members of its potential user
community. Once again, in Anglo-Irish contexts, it is the LA level where important
decisions are made.
Accordingly, in SAMFA, the electoral divisions (EDs) and county have been
considered as the base unit (for spatially disaggregation analysis in M1 and M2) and
spatial aggregation (for calculating aggregated mass balance in M3), respectively. Note
that ED and County are Irish specific terms  the next section, therefore, provides a brief
6 M. Roy et al.
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overview of these and other Irish spatial planning processes to position SAMFA in its
specific application context.
2.2. SAMFA application context
The combination of MFAspatial allocation in SAMFA was tested by taking just one
element of the urban metabolism, construction material flows, examined in the context of
a single county planning authority in the Republic of Ireland. Through this specific
application context, SAMFA has been able to locate within the national to county level
policy hierarchy. Nationally, the MFAspatial allocation is well grounded in Irish
sustainable development policy, embedded within the national, sub-national and local
level planning strategies and programmes. At the top of the policy hierarchy are the
National Spatial Strategy (NSS), a long term policy with the current version running until
2020, and the National Development Plan produced every five years, currently
20122016. A range of regional level policies are created for the respective local and
district authorities  the bottom level executive authority.
While the sustainability strategies on which these programmes and plans are founded
can directly or indirectly benefit from studies on MFA (Roy, Ellis, and Curry 2010, Table
1.2), there has been no straightforward mechanism to bring the MFAsustainability link
into mainstream policy mechanisms in Ireland. In an effort to address these gaps in policy
that the Irish Environmental Protection Agency (EPA) launched its Environmental
Research, Technological Development and Innovation programme during 20002006,
which funded an initial MFA project (Island Limits, 2004-SD-MS-22-M2) and following
that, the development of the SAMFA model (2005-FS-34-M1).
Against this national level policy backdrop, the SAMFA model takes a bottom-up
approach using data from one Irish local authority  County Kildare (Figure 2), selected
based on six predefined criteria.3 Kildare lies to the immediate west and south-west of
Dublin, the Irish capital, and in 2006 had a population of 186,000 people, in an area of
1692 km2 (a density of 109 persons/km2) (CSO 2007). There are 89 EDs  the bottom
level administrative units. Due to the proximity of Dublin, some parts of the county had
experienced rapid urbanisation (e.g. ED Naas Urban with a population density of over
3100 persons/km2), although other areas are still characterised by traditional rural
housing patterns.
Kildare is regarded as part of the Dublin and the Mid-East regions, with most of the
county categorised as part of the metropolitan hinterland. Its development activities are
governed by a five year County Development Plan (CDP) prepared in-line with the NSS.
In many respects, therefore, Kildare represents many features of the contemporary Irish
built environment has been subject to some of the critical development processes
experienced across the country and as such, provides a valuable laboratory for the testing
of the SAMFA model.Q5 Note that while the current CDP is for 20112017 (Kildare CC
2011), for data consistency, this study incorporates CDP 20062011 (Kildare CC 2005).
Indeed, except for some planning (e.g. countrywide development priority) and
demographic (e.g. population projection) variables, values of other variables used in
SAMFA model (see below) are not readily available for CDP 20112017. Nevertheless,
as the core strategy for CDP 20112017 builds on the principles established in the
previous CDP 20062011 (Kildare CC 2011), it can safely be assumed that the
application of SAMFA model for 2017 (should all of the required data become available)
will produce an equally valid result as for 2011.
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2.3. Model design
Building on the overall framing alongside a careful consideration of SAMFA’s
application context and data availability, the model base for individual modules has been
determined as follows.
2.3.1. Module 1 (M1): material intensity and building lifetime simulation
The objective of M1 is to provide M2 and M3 with two pieces of key information:
construction material intensity and probability of demolition at a given point in time.
This is essentially a function of housing type, year built and spatial location. For this
study, a simplified housing type (i.e. one off house, terraced house and flat/apartment)
and built year (in Irish census periods) were applied as a basis for the assumptions found
in Tanikawa et al. (2005) and Schiller (2007).
To elaborate, Tanikawa et al. found that the construction material intensity of
UK houses constructed during the past decade varied between traditional houses
(0.78 tonne/m2) and flats/apartments (0.74 tonne/m2), while Schiller developed trend
curves to model material intensity and room volume over time in German houses. We use
these values alongside defining a trend curve, based on material flow analysis of housing
stock, which allows the estimation of future demolition rates, using the average lifespan
of different housing types. An empirical time series study of material intensity in the Irish
housing sector was beyond the scope of this exercise.
The probability of demolition is derived at the ED level, using the housing building
records of the Irish Central Statistics Office (CSO).Q6 Taking the statistics for 2001 and
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2006, it is possible to establish building life expectancy in Kildare, which varies between
38 and 65 years, with a standard deviation (SD) of 1520 years. This is, however, based
only on those buildings that have already been demolished, which is only 5.7% of the
2000 stock (CSO 2002, 2007). This, therefore, potentially understates the life expectancy
of all buildings, and we find, for example, that 10% of the 2005 stock is still standing
after 100 years and therefore not reflected in this data. This issue was overcome by
following the approach of M€uller (2005), where the following four types of information
have been used to construct a distribution of life expectancy: minimum, maximum and
average lifetime, and SD.
In SAMFA, we consider the average life expectancy found in the 2001 and 2006
statistics as the minimum life and assume the maximum life expectancy to be 120 years.
The average of these two values is taken to be the average life expectancy of houses at
the ED level, with the same SD calculated above. This enables us to calculate the
probability of ED level housing demolition.
2.3.2. Module 2 (M2): ED level allocation of new housing units
The objective of module M2 is to provide module M3 with an ED wide fraction of the LA
level housing supply by type. The LA wide housing supply is an external macro-level
socio-economic indicator for SAMFA. We have defined four ED level spatial variables
and three sub-variables to spatially allocate this exogenous housing supply for Kildare
County. The variables and the corresponding data sources are as follows:
 Expected population. Trends in ED level population have been estimated using the
Small Area Population Statistics. Using this and the Kildare CDP 20052011
targets, the ED wide expected population has been calculated.
 Land availability for development. This has three sub-variables: (1) supply of
serviced land, as in the CDP 20052011; (2) brownfields available due to
demolition of old houses; and (3) additional land suitable for development. Land
area for item (3) has been calculated from ED areas, excluding the land areas of
items (1) and (2), areas of nature conservation and existing built-up areas. Ideally
item (3) should also exclude areas of flood risks; however, spatial data on flood risk
levels in Ireland are currently unavailable.4
 Distance from Dublin. This is currently being measured in aerial distance from the
geometric centroid of Dublin County Borough to that of individual EDs. GISQ7 data
from OSIQ8 have been used for this purpose.
 County development factor. Based on the priority set in the CDP 20052011, we
have defined an ordinal scale of 15 in order of low to high priority for housing
development.
In selecting these variables, we assume two principal regularities. First, following
Bramley (1993), the allocation of new housing units to each ED is dependent on its
relative advantage over all other EDs in terms of three planning factors: population, land
availability for development and the development priority set by the planning authority.
Second, inspired by the classic gravity based modelling technique (Putman and Chan
2001), distance to Dublin (the neighbouring, economic hub of Ireland) is an impedance to
housing demand. In gravity based models, and therefore in SAMFA, such impedance is
used as a negative exponential distribution defined by a parameter.
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A multiple regression is then developed, assigning a parameter for each variable noted
above. The multiplication of variables enables the variables to influence each other in
producing the dependent variable value. However, the variable land availability for
development has been conceived as a cumulative expression of three sub-variables, with
a corresponding parameter. The implication is that, while, for example, a change in ED
level expected population or county development factor would certainly affect the
number of housing units by type allocated to the corresponding ED. But changes in land
availability will not have such an impact unless there is a change in three of its sub-
variables put together. This gives the final formulae as
H
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(1)
where H
ðIÞ
i:j is the number of housing unit by type i allocated to ED j; H
ðIÞ
Cj number of total
housing unit by type i located in Kildare County; Pj population in ED j; Dj distance from
Dublin to ED j; ls serviced land in ED j; lb brownfield in ED j; la additional land suitable
for development in ED j; Cj determinant of planning factor in ED j and a, b, λ
0 , λ00, λ000
and d parameters to calibrate.
2.3.3. Module 3 (M3): material balance at different spatial scales
The outcome of modules M1 and M2 now become inputs for module M3, helping to
compute the total material input. For example, the material intensity of a housing type at
a given point in time (from M1) is multiplied with the total newly constructed floor space
of that particular building type in individual ED (from M2) to calculate the corresponding
material input as
M
ðIÞ
j ðtÞ ¼
X
i
H
ðIÞ
i;j ðtÞ£miðtÞ (2)
where M
ðIÞ
j is the material inflow in ED j; H
ðIÞ
ij is the supply of housing unit of type i in
ED j and mi is the material stock in individual housing type i, which is equivalent to
material intensity multiplied by floor space index.
Module M3 also calculates material outflow using the ED level housing demolition
and existing standards of recovery and reuse of C&D waste. Data on waste management
have been obtained from the national waste report of the EPA (Collins, Bolloch, and
Meaney 2005), which show that around 90% of C&D waste is currently recycled in
Ireland. This does not indicate whether a proportion of the collected waste is reused in
the house building industry, as studies such as Schiller (2007) observe that recovered
C&D waste is mostly used in sectors other than residential, such as road construction.
However, it is assumed that there will be some reuse of demolition waste, particularly in
redevelopment schemes and in the case of older buildings, whose fixtures may be of
value to the architectural salvage sector. Such a provision has been made in the
construction of the integrated scenario (see Section 2.5). But in the baseline scenario, a
0% recycling rate has been assumed, to reflect widely acknowledged anomalies in the
data for C&D waste collection and recycling rates in Ireland. Indeed, this issue has been
specifically highlighted in the 2011 Irish National Waste Report, noting significant
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discrepancies between the reported quantities of C&D waste collected and recovered
(EPA 2011). This gives us the following two final equations:
M
ðOÞ
j ðtÞ ¼
X
H
ðOÞ
i;j ðtÞ£miðt 0 Þ (3)
W
ðDÞ
j ðtÞ ¼ M ðOÞj ðtÞ£ð1¡ rðDÞðtÞÞ (4)
whereM
ðOÞ
j is the material output from ED j; H
ðOÞ
ij is the demolition of housing unit type i
in ED j; mi above; W
ðOÞ
j is the waste in ED j and rðDÞ is the material recovery factor
during demolition of housing.Q9
Based on the estimated housing stock by type and the corresponding floor space
index, modules M4 and M5, respectively, estimate the embodied energy (EE) and OE
use, and M6 the total energy use. Data on floor space index come (for 2005), and
extrapolated (for 2011) from Irish housing statistics (DoEHLG, 2007). Note that EE can
be both initial and recurred  the former through new construction and the latter through
periodic renovations or extensions. The amount of initial EE is calculated from the total
new housing units by type, estimated in M2. No Irish specific data are available for this;
although a study by the Environmental Change Institute (Palmer et al. 2006) notes that
this can vary from 0.25 (sustainable homes  low estimate) to 0.8 MWh/m2 (traditional
homes  high estimate). In this study, a similar range has been assumed. With regard to
recurrent EE, two studies have been consulted  one shows that in Dublin the average
renovation frequency is once in 20 years.5 The other (Yohanis and Nortonne 2002) shows
that the recurrent EE increases exponentially and periodically  0.7 MWh/m2 after the
first 25 years, 1.73 MWh/m2 after the second 25 year period and 4 MWh/m2 after the
fourth 25 year period. Accordingly, the values observed in the second study have been
used for Kildare, but at 20 year intervals. Finally, the calculation of OE has been based
on O’Leary, Howley and O’Gallachoir (2008), who show that in 2005 the average Irish
household used a total of 8.3 MWh (1.8 MWh from electricity and 6.5 MWh from fuel).
The data also show a slightly rising trend, which has been used to estimate the OE data in
2011 scenarios. Note that these are national average, and not disaggregated at the ED/
country level.
2.4. Calibration and validation
The SAMFA model has been subject to three types of analysis for calibration and
validation. First, a goodness of fit analysis, the objective of which is to identify the set of
parameter values that maximises the goodness of fit (R2) between ED wide observed and
estimated supply of housing units by type in 2006. Data for 2005 (i.e. t0) and 2006 (i.e. t)
have been compiled from a variety of sources. A high correlation (over 90%) between
observed and estimated housing units has been obtained (Table 1). This suggests that the
parameters would offer a reasonably accurate prediction of ED level housing units.
Second, an inter-parameter analysis, following Elshkaki et al. (2005), to determine
what combinations of parameters produce the best goodness of fit. This analysis reveals
that a combination of all parameters produces the best prediction. Finally, the
examination and validation of the SAMFA model, and the pilot results derived from it,
by local stakeholders and expert groups. Examination by the local stakeholders included
meetings with Kildare County Council and the EPA. Validation by the expert
communities involved peer review in the form of an expert group meeting hosted by
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Centre for Urban and Regional Ecology, University of Manchester (see Roy, Ellis, and
Curry 2010 for further details).
2.5. SAMFA application
The SAMFA model has been applied in two ways: (1) to estimate and spatially allocate
construction material flows and associated total energy use at the ED level and LA level
in Kildare County, using mostly observed values for the concerned variables; and (2) to
construct two alternative scenarios for a future year using mostly predicted/assumed
values for those variables. The former has been conducted for the year 2005, the latest
year for which the maximum amount of observed data was available. In the latter, a
baseline and an integrated scenario have been constructed for 2011 (see Section 2.2 for a
justification for choosing 2011 in which to construct the scenarios). As the names
indicate and Table 2 shows, the baseline scenario replicates conditions that best describe
the current trend, while the integrated scenario incorporates a range of potential material
efficiency and energy saving policy options.
In terms of estimation and spatial allocation of material balance, the following
quantity of construction material flows occurred in 2005: inflow 813,000 tonnes, outflow
404,000 tonnes, a net addition to stock of 409,000 tonnes. As expected, ED Naas Urban
shows the highest quantity of net addition to stock, followed by two other urban EDs 
Celbridge and Maynooth (Figure 3). A number of rural EDs show a negative net addition
to stock, meaning that in these EDs the outflow is more than inflows. In these EDs, there
is a higher proportion of old housing units, with a comparatively low number of new
housing units constructed in 2005.
The 2011 scenarios (baseline as well as integrated) also reveal significant ED wide
variations in terms of net addition to stock, and that in some EDs there is net material
gain, while in others a net deficit. However, in terms of cumulative material balance at
the county level, the scenarios show a considerable reduction in material inflows,
outflows and net addition to stock compared to 2005. These figures for the two scenarios
in 2011 are baseline (inflow: 652,000 tonnes; outflow: 413,000 tonnes and net addition:
239,000 tonnes) and integrated (inflow: 601,000 tonnes; outflow: 381,000 tonnes and net
addition: 220,000 tonnes). Interestingly, not until the net addition to stock of urban EDs
are added do both scenarios show reduction in cumulative net addition to stock compared
to 2005 (Figure 4).Q10 The figure also reveals a similar picture when the cumulative net
addition to stock in the integrated scenario is compared with that in the baseline scenario.
There may be a number of reasons for this, but two key ones are that both material
intensity and floor space index values are lower in 2011 than 2005, and that a
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Table 1. Parameter calibration.
One off house Terrace house Flat
Parameter Calibrated value R2 Calibrated value R2 Calibrated value R2
a 1.025 0.9231 1.035 0.9114 1.05 0.9228
b ¡0.001 ¡0.001 ¡0.001
g 0 0.4 0.4 0.4
g 00 0.9 0.92 0.925
g 000 0.375 0.375 0.375
d 0.005 ¡0.13 ¡0.126
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Table 2. Scenario construction.
Assumptionsi for variable and parameter values
Module Variable type (unit) Baseline Integrated
M1 (a) Material intensity
(tonne/m2)
(a) Based on existing trend (a) 80% of new units to follow
existing trend; the rest to have
10% lower intensity than
existing trendii
(b) Maximum life
expectancy (years)
(b) 120 (b) 120iii
(c) Demolition probability
(%)
(c) Based on existing trend (c) Based on existing trend but
with a minimum lifetime
of 60 yearsiv
(d) Renovation frequency
(years)
(d) 20 (d) 25v
M2 (a) Expected population Variable (existing trend);
parameter (as calibrated)
(a) Variable (existing trend);
parameter (as calibrated)vi
(b) Three sub-variables
of land availability
(hectare)
(b) Same as (a) (b) Same as (a), except that the
parameter for sub-variable
brownfield land has been
doubledvii
(c) Negative exp. of
aerial distance
from Dublin (km)
(c) Same as (a) (c) Same as (a)viii
(d) Planning factor
(ordinal scale 15)
(d) Same as (a) (d) Same as (a), but the parameter
value has been doubledix
M3 Material reuse (%) 0% 20%x
M4 (a) Initial EE (MWh/m2) (a) 0.8 (traditional homes 
high estimates)
(a) 0.8 for 80% new units, and
0.25 for the rest 20%
(Sustainable homes 
low estimate)xi
(b) Recurrent EE
(MWh/m2)
(b) Existing trend, at
20 year interval
(b) Existing trend, but at 25 year
intervalxii
M5 OE (MWh/m2) Existing trend including
current level of rise
Existing trend, but no
further risexiii
M6 None n/a n/a
Notes and justification:
iFor existing trend and calibrated values, see Section 4.2 and Table 1, respectively.
iiIrish Friends of the Earth (FoE 2006) advocates extension of “Greener Homes” grants and tightening of
building regulations for new houses; so reduction in material intensity is likely.
iiiThere is no current policy on this issue, as such current trend has been proposed.
ivFollowing FoE (2006), it is likely that existing housing units will be used for longer than now.
vSource: Yohanis and Norton (2002).
viThis follows Kildare CDP 20052011 which is based on existing population trend.
viiKildare CDP 20052011 promotes development of brownfield sites. FoE (2006) also advocates tax relief on
brownfield sites. These will expedite brownfield land development.
viiiThere is no policy/study to support otherwise.
ixImplementation of CDP 20052011 is a top priority for Kildare CC.
xEPA emphasises incremental waste reuse (Bolloch et al. 2007).
xiIreland has set a target of making 40% of new homes energy efficient by 2012 (FoE, 2006).
xiiSource: Yohanis and Norton (2002).
xiiiRecent trend shows a sign of flattening out (O’Leary, Howley, and O’Gallachoir 2008).
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significantly higher number of new housing units were built in urban than rural EDs
during 20052011. Moreover, the values for all of the two measurement factors
(material intensity and floor space index) in the integrated scenario are less than in
baseline, although the quantity of new housing units is same for the two scenarios. This is
explained by the fact that the integrated scenario promotes more energy efficient and
material efficient new dwellings (Table 2). A direct consequence of this is a significant
reduction of material flows in urban EDs. Indeed, the reduction in urban EDs is so great
that this counterbalances the higher material accumulation in rural EDs to produce an
overall county level reduction in integrated scenario than both baseline and 2005.
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Figure 3. Spatial allocation of construction material flows in 2005.
Figure 4. Cumulative net addition to stock in 2005 and under the two scenarios for 2011.
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A more dramatic and, perhaps, desirable picture emerges when energy use scenarios
are constructed and compared. The per capita energy use levels in the integrated scenario
are much lower than those of the baseline scenario and in 2005 (Figure 5). Indeed, the
SAMFA pilot study suggests the average total energy use in Kildare in 2011 could be
between 23.66 (baseline scenario) and 19.7 MWh/cap (integrated scenario), compared to
24.41 MWh/cap in 2005.
As with the material flows, there is a significant ED wide variation in the total energy
use for both scenarios. But unlike material flows, the per capital total energy use in both
scenarios is consistently lower than 2005 for rural as well as urban EDs. Another
significant observation that Figure 5 reveals is per capital total energy use is much lower
in urban than rural EDs. There are many reasons for this, such as the age profile and
density of the existing housing stock, and the likelihood and type of new construction. For
example, ED Athy Rural has a lower population density (thus lower building density 
i.e. number of housing units per unit land area) but a higher housing availability. Most of
its housing stock is relatively old, with a relatively large floor area; as a result, the ED
appears to be using the highest amount of energy under both scenarios (Figure 5).
Unfortunately, current planning policies are unaware of this fact, so the ED was not
awarded a higher ordinal value for policy factor in the integrated scenario.
The above spatial differences notwithstanding, the integrated scenario offers a
substantial reduction in total energy use, with an average person using about 17% less
total energy compared to the baseline scenario. The integrated scenario is, therefore, a
“clear winner” here, thus offering a viable strategy for meeting national emission targets.
However, such a conclusion is rather tentative as one must acknowledge the difficulties
in securing effective implementation of the integrated scenario, whilst recognising the
assumptions underlying the data as explained above.
3. Discussion
The pilot application of SAMFA provides insights and information on the sustainability
of the Irish built environment in at least two ways. First, it highlights the influence of
urban form and building design on reducing building energy use. Second, it suggests that
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Figure 5. Per capital total energy use in 2005 and under the two scenarios for 2011.
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not only can the formulation and implementation of spatial planning guidelines greatly
improve both material and energy efficiency, but that spatial planners can also use spatial
visualisation of material/energy use hotspots as evidence to identify “problem” areas.
In terms of the urban form and building design, while it is widely accepted that higher
densities can lead to reduced energy costs due to influences on travel patterns and modes
(e.g. Banister, Watson, and Wood 1997), the influence on other aspects, particularly EE,
is less well established. In this regard, SAMFA confirms that there is a negative
correlation between population/building density and material use and thus, energy
consumption. The higher the population/building density, the lower the material demand
and EE use become.Q11
SAMFA also suggests that while the planning guidelines in Ireland (and indeed in
most developed nations) promote higher density developments, this has been poorly
implemented or is only influencing the form of the built environment incrementally and
at a very slow pace. In Ireland, for example, guidelines for residential development
recommends planning authorities to “review and vary, if necessary, their Development
Plans to promote higher residential densities” (RoI 2003, 7). Yet, there is much evidence
that suggests the preference of rural living and the cost of houses in urban areas have
resulted in urban sprawl and long distance commuting (e.g. Hoggart 2003). This is
translated into a contrasting outcome in terms of residential densities between urban and
rural areas. In urban areas, the average number of units per hectare has steadily increased
from about 25 in 2000 to 31 in 2005, but the average size of units has remained static at
about 78 m2/unit. In contrast, in rural areas, the size of units is growing (from 144 m2/unit
in 2002 to 149 m2/unit in 2005) despite a falling household size (from 3.34 in 1991 to
2.81 in 2006).
Thus, it appears that the sustainability gains resulting from positive trends in the
regulatory standards of urban development (i.e. increased densities, improved building
standards) have been negated in excessive consumption in rural front in Ireland. There is,
therefore, a major issue in both the implementation of current planning guidelines and the
developing policy to supply land for rural based and urban based housing development.
This issue has been specifically highlighted in SAMFA through the development of
alternative scenarios. The pilot run shows that there can be substantial sustainability
gains in urban areas, such as ED Naas Urban. However, in rural areas, such as ED Athy
Rural, a high energy use continues to remain as a major concern despite showing a
reduction in material flows. In countries such as Ireland, where the preference for rural
living is deeply rooted with the country’s history and where the rural lobby is strong,
while the planning restraint is relatively weak, tackling energy consumption in rural areas
becomes the major issue facing the development of the built environment. It is, however,
noteworthy that the integrated scenario developed through SAMFA shows a particular
impact on the OE use even within rural areas.
These findings can vastly enhance LAs’ capacity to develop alternative energy
consumption and emission scenarios that could provide a basis for local development
planning, which in turn may underpin the formulation of more informed and coherent
regional/national plans. Moreover, the scenario based structure of SAMFA makes it an
ideal candidate to be implemented as a valuable planning support system (Geertman and
Stillwell 2003). Such a system is capable of helping decision-makers and stakeholders
conceptualise the wider consequences of both the settlement structures projected in the
development plan system and the consequences of poor implementation of adopted
policy. It is suggested that this could also be further integrated into more sophisticated
sustainability appraisal tools for undertaking a strategic environmental assessment (SEA)
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of any policy with a significant spatial outcome, as required by EU Directive 2001/42/EC.
The need for material flow analysis to facilitate such integration is also widely
acknowledged by leading industrial ecology scholars, notably Fischer-Kowalski et al.
(2011).
Indeed, the experience of developing SAMFA with the benefit of interaction between
the disciplines of industrial ecology and spatial planning helps us to suggest that the tool
is well placed to contribute to the further development of evidence based policy in this
field. This then helps overcome some of the institutional and professional barriers to the
development of a more holistic approach to sustainability planning in the UK and Ireland
(Roy and Ellis 2010). Thus, SAMFA has the potential to be adapted to a variety of
settings, but will need to be institutionalised involving a range of stakeholders, including
professionals/organisations such as architects, spatial planners, transport planners, waste
managers and utility companies; and stakeholders such as members of strategic policy
committees, county and city development boards, environmental interests; and LA
community representatives. To address data related issues, participation from the
following organisations has also to be sought: CSO; Ordinance Survey Ireland; EPA;
Department of the Environment, Community and Local Government; Department of
Communications, Energy and Natural Resources; and Construction Industry Federation.
In terms of the implications for moving to a more sustainable regulation of the built
environment, SAMFA, therefore, provides insights for a more evidence based approach
to policy-making. However, the value of the model lies not just in these terms, but in its
potential wider contributions. The model framework as well as its application offers high
level pedagogical value to a range of stakeholders including politicians, planners,
professional bodies, industries and members of the public because of its abilities to
produce visual representations of sustainability scenarios that increase the understanding
of those involved in decision-making.
4. Conclusion
The development of the SAMFA model is based on a number of premises that (1) the
built environment is a priority for progress towards a sustainable future; (2) a critical
arena for decision-making in this field lies at the LA level and (3) spatial allocation of
MFA generates evidence base about the environmental consequences of existing and
future development patterns on which more progressive policy can be developed. The
model has been found on recent developments in the field of industrial ecology, in
particular mechanisms to translate national trade accounts into material flows with the
capability of illustrating national imperatives for resource planning.
However, while effective global agreements and national strategies are essential
elements of governance for sustainable development, it is at the local level where the
majority of required actions take place (Gilbert et al. 1996); hence the enduring sagacity
of the phrase “thinking globally  acting locally”. Thus, while national material flow
accounts have some conceptual value, it is the ability to translate this to understanding
the metabolism of settlements at the local level that will bring major breakthroughs. The
SAMFA model has attempted to do this using the concept of spatial allocation of the
national material flows, based on an understanding of not just industrial ecology, but also
spatial modelling and the policy needs of local planning authorities.
The SAMFA model has attempted to do this using a bottom-up approach based on
numbers of housing units within an administrative unit. One limitation of the model is
that it does not yet include the material flows associated with the infrastructure (roads,
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bridges, etc.) required to support residential buildings. Research by Schiller (2007, 2) has
shown that in some scenarios “material flows for neighbourhood roads and supply
infrastructure can be much greater than material flows for building”. We have made
specific recommendation with respect to this issue below.
It is suggested that SAMFA begins to map out a future direction for a meta-discipline
of sustainability planning. This requires further development of SAMFA in terms of its
accuracy, through undertaking a few critical analyses as follows:
 Conducting a sensitivity analysis, to rule out where uncertainties in data influence
the most.
 Testing the model across scales, such as for different LA areas, to determine how
the model parameters are sensitive to scale and contexts.
 Validating SAMFA predictions against actual data (e.g. for 2011). Actual data
unavailable in official statistics should be gathered via field survey and/or through
image processing.
 Collecting and applying better quality data, for example, by validating the assumed
built environment data (e.g. actual life expectancy of buildings through field
surveys) and by incorporating data from each of the Irish county councils and
boroughs to provide a complete spatial model of the national material flow for
construction materials.
 Inclusion of sectorial material flow data allocated “top-down” from the national
accounts, to allow integration of material flows related to supply infrastructure to
be modelled. Once complete, this will then provide a valuable predicting and
monitoring tool capable of integrating national and local spatial planning objectives
with actual environmental impacts.
Should these wider developments to the model prove to be similarly successful, there
is then the potential to transfer the modelling approach to other areas of the built
environment, for example, commercial development and other key contributors of
greenhouse emissions. Ultimately, it is intended to develop a meta-model that includes a
range of other economic sectors, so that those patterns of consumption that can have
important environmental impacts can be allocated to a local scale. At this stage, we
believe that the most useful area of research for the future development of spatial
allocation of material and energy flow analysis is the exploration of the opportunities for
integration of bottom-up modelling, with national MFA accounts.
We hope that this research can provide insights for other researchers and help set out
the priorities for research to support this important policy area.
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Notes
1. Embodied energy (EE) is defined here as being the sum of the energy requirements associated,
directly or indirectly, with the construction of the housing unit. Operational energy (OE) is
defined here as being the energy is that used in heating, cooling, cooking, etc. during the
occupation and the use of the housing unit.
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2. Material intensity is defined here as in tonnes of construction material per square metre of floor
space.
3. These are (a) area; (b) development potential; (c) proximity to the border; (d) convenience for
the research team; (e) presence of GIS data and (f) willingness to participate in the study.
4. The Office of Public Works is currently undertaking the Flood Hazard Mapping programme;
the results were unavailable during the analysis (seehttp://www.floodmaps.ie/AboutTheSite.
htm, accessed 15 March 2010).
5. Seehttp://www.bsrec.bg/newbsrec/rosh/data/products/analysis/marketanalysis_dublin.pdf
(Accessed 15 March 2010)
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